The objective of this study was to elucidate the genetic relationship between the specific leaf area (SLA) and the photosynthetic performance of maize (Zea mays L.) as dependent on growth temperature. Three sets of genotypes: (i) 19 S 5 inbred lines, divergently selected for high or low operating efficiency of photosystem II (U PSII ) at low temperature, (ii) a population of 226 F 2:3 families from the cross of ETH-DL3 · ETH-DH7, and (iii) a population of 168 F 2:4 families from the cross of Lo964 · Lo1016 were tested at low (15/13°C day/ night) or at optimal (25/22°C day/night) temperature. The latter cross was originally developed to study QTLs for root traits. At 15/13°C the groups of S 5 inbred lines selected for high or low U PSII differed significantly for all the measured traits, while at optimal temperature the groups differed only with regard to leaf greenness (SPAD). At low temperature, the SLA of these inbred lines was negatively correlated with U PSII (r = À 0.56, p < 0.05) and SPAD (r = À 0.80, p < 0.001). This negative relationship was confirmed by mapping quantitative trait loci (QTL) in the two mapping populations. A co-location of three QTLs for SLA with QTLs for photosynthesis-related traits was detected in both populations at 15/13°C, while co-location was not detected at 25/22°C. The co-selection of SLA and U PSII in the inbred lines and the co-location of QTL for SLA, SPAD, and U PSII at 15/13°C in the QTL populations strongly supports pleiotropy. There was no evidence that selecting for high U PSII at low temperature leads to a constitutively altered SLA.
Introduction
In temperate regions, the maize crop is often exposed to long-term low temperature during early phases of development, resulting in poor photosynthetic performance (Stirling et al. 1991) and the maintenance of a high carbon exchange rate (CER) is among the most limiting factors for cold tolerance (Lee et al. 2002) . At optimal temperatures, when CER varies little among genotypes, other factors, like the rate of development might be of greater importance, leading to an earlier canopy closure and thus to an increased light interception (Richards 2000) . The necessary increase in leaf area can be achieved by a change in partitioning of carbohydrates between or within organs. For example, a high specific leaf area (SLA, ratio of leaf area to leaf weight) is one way by means of which barley achieves its early growth advantage over wheat (Lopez-Castaneda et al. 1995) . However, there is evidence that the SLA is negatively correlated with the CER at various irradiance and concentrations of atmospheric CO 2 (Evans 1998; Poorter and Van der Werf 1998) . Fichtner et al. (1993) reported an increase in the SLA in tobacco plants transformed with antisense rbcS (Rubisco small subunit), which were characterized by a lower CER and chlorophyll content due to the lower level of Rubisco. In maize, a negative relationship between SLA and CER was found for three tropical and three temperate inbred lines early sown in the field (Verheul et al. 1996) . The above studies indicate that SLA is negatively correlated with CER whenever the variation in the CER, due to environmental or genetic influences, is large. In contrast to the negative relationship between SLA and photosynthetic performance, in general a high SLA and, thus, a high rate of CO 2 assimilation per unit leaf mass seems to be most important for achieving fast growth. For example, a high SLA is considered to be an important trait of crops like sugarcane (Terauchi and Matsuoka 2000) and temperate cereals (Richards 2000) , leading to a higher light interception during early development. Furthermore, slow-growing alpine species have a lower SLA than fast-growing lowland species (Atkin and Lambers 1998) . In a comprehensive review based on 57 studies, Poorter and Van der Werf (1998) concluded that the leaf area ratio (LAR, ratio of leaf area to plant weight), and more specifically SLA, are the most important factors in the variation of the relative growth rate. The introduction of exotic maize germplasm, showing temperaturestable, strong photosynthetic performance, in European breeding programs is considerably limited by its linkage to a small SLA Soldati et al. 1999; Stehli et al. 1999) . It has been shown that an improvement in the CER at low temperature can be achieved indirectly by selecting for a high operating quantum efficiency of photosystem II (U PSII ) at low temperature ). The chlorophyll fluorescence parameter U PSII measures the proportion of the light absorbed by chlorophyll associated with PSII that is used for photochemistry (Genty et al. 1989) . At constant light intensity there is a strong linear correlation between U PSII and CER as it was shown, for example, in maize seedlings grown at suboptimal temperature (Fracheboud et al. 2004) . Furthermore U PSII measurements are much faster compared to CER measurements taking only few seconds in comparison to several minutes. This makes U PSII a useful tool for the routine screening of the photosynthetic performance of maize under suboptimal growth temperatures. However, since maize is not constantly exposed to suboptimal temperatures during its life cycle, a constitutive high photosynthetic capacity, if achieved in combination with a small SLA, is an undesirable attribute .
The research herein presented was conduced in maize in order to: (i) determine whether a divergent selection for U PSII at low temperature led to a co-selection of SLA and greenness, (ii) evaluate whether this selection led to a constitutive expression of low SLA, and (iii) verify whether QTLs for SLA were co-located with QLTs for other traits in two mapping populations.
Material and methods

Plant material
The plant material consisted of a set of 19 experimental inbred lines and two mapping populations of maize. The inbred lines had been divergently selected for the operating quantum efficiency of photosystem II (U PSII ), measured at 6°C and 60 lmol m À2 s À1 in seedlings grown at suboptimal temperature (15/13°C, day/night). The selection was from three breeding populations (i.e. one dent, one flint, and one exotic population with a 25% flint and 75% Mexican highland background; Fracheboud et al. 1999) . After four cycles of inbreeding selection, the families were further selfed to obtain S 5 inbred lines. For this study, 11 of the lines selected for high photosynthetic efficiency (H) and eight selected for low photosynthetic efficiency (L) were available: seven dent lines (D), four exotic lines (E), and eight flint lines ( . The letters in brackets identify the inbred lines in Figure 1 .
From the cross of ETH-DL3 · ETH-DH7 a QTL population of 226 F 2:3 families was developed (Fracheboud et al. 2004) , referred to as ETH-population. The second population, referred to as Lo-population, consisted of 168 F 2:4 families derived from the Lo964 · Lo1016 cross (Tuberosa et al. 2002) , two dent lines contrasting in root morphology (Sanguineti et al. 1998 ) and the cold tolerance at germination (Frascaroli et al. unpublished data) . The parents and the F 2:3 families of the Lo-population were provided by Dr. M. Motto (Experimental Institute for Cereal Crops, Bergamo, Italy). The F 2:4 seeds were produced at the Department of Agro-environmental Science and Technology (DiSTA, Bologna, Italy).
Growth conditions
The set of 19 experimental inbred lines and the ETH-population were grown in growth chambers (PGW36, Conviron, Winnipeg, Canada) in 1-l pots containing a commercial mixture of soil, peat, and compost (Torf und Pikiererde 140, Ricoter, Aarberg, Switzerland). Two treatments were applied, i.e. optimal and suboptimal temperatures. The control plants grew for 13 days at 25/22°C (optimal temperature) with a photoperiod of 12 h at 400lmol m À2 s À1 and a relative humidity of 60/ 70% (day/night). Chilling-treated (suboptimal temperature) plants were first grown for 6 days as control plants and then for 14 days at 15/13°C; the other conditions were the same as those for the control plants. In both temperature regimes the plants were measured and harvested at the 3-leaf (V3) stage, i.e. when the whole collar of the third leaf was visible (Ritchie and Hanway 1984) .
For the Lo-population, pre-germinated seeds were placed in growth columns (7 cm diameter, 25 cm height) in a mixture of quartz sand (particle size 0.08-0.2 mm) and 5% (w/w) vermiculite powder (Vermex Pulver E, Vermica AG, Bo¨zen, Switzerland). The sand substrate was used to ease the evaluation of root traits after harvest, the results of which are described elsewhere (Hund et al. 2004) . After coleoptile emergence, the plants were grown under the same conditions as the plants at suboptimal temperature treatment described above. The plants of the Lo-population were harvested after 21 days when most had reached the 1-leaf (V1) stage. 
Determination of morpho-physiological traits
All the measurements on the ETH material (S5 lines and the ETH-population) were performed on fully expanded third leaves after 14 (25/22°C) and 20 (15/13°C) days. The operating quantum efficiency of photosystem II (U PSII ) and the CER were measured as described by Fracheboud et al. (2004) with a LI-6400 instrument equipped with an LI-6400-40 pulse-amplitude modulation fluorometer (LI-COR, Lincoln, NE, USA). The greenness of the third leaf was recorded with a chlorophyll meter (SPAD-502, Minolta Corporations, Ramsey, NJ, USA). The area of the third leaf was measured with a leaf-area meter (LI-COR 3100, Lincoln, NE, USA); its dry weight was recorded after drying at 65°C for 42 h. The SLA was calculated as SLA = leaf area/leaf dry weight (m 2 kg À1 ). For the Lo-population, all the morpho-physiological measurements were performed on the second leaf after 19 and 20 days (blocks 1 and 2, respectively) after imbibition. The U PSII was measured at 400lmol m À2 s À1 photosynthetic photon flux density (PPFD) with a pulse-amplitude modulated fluorometer (PAM-2000, Walz, Effeltrich, Germany) as described by Hund et al. (2004) . The SPAD values of the second leaves and the leaf area of the fully developed first leaf and the successive leaves were measured as described above. SLA was calculated as the overall leaf area per overall leaf dry matter.
Experimental design and statistics
For the evaluation of the experimental inbred lines, a randomized complete-block design combined over temperature treatments was used. Each temperature treatment consisted of one growth chamber run containing three replications and each experimental unit consisted of one pot containing two plants.
The plants of the ETH-population were sown and analyzed at intervals of 24 h in incomplete blocks of 22 families. Six to nine plants of each F 2:3 family and six plants of each parental line were analyzed at each growth temperature (for further details see Fracheboud et al. 2004) .
The plants of the Lo-population, including the two parental inbred lines and the 168 F 2:4 families, were arranged in a randomized complete-block design with two growth chamber runs and two replications per run. For technical reasons different growth chambers were used, slightly differing from each other (50 Umol m À2 s À1 PPFD and about 0.5°C) and were thus considered as different environments. Experimental units (PVC columns), each containing three plants, were arranged as a central and a border block, according to the light intensity in the growth chamber.
All the data were analyzed using the general linear model procedure (PROC GLM) of SAS 8.02 (SAS Institute Inc., 1999 -2001 . Skewness was calculated with the e1071 package in R (Ihaka and Gentleman 1996) .
QTL analyses
QTLs were identified by composite interval mapping using QTL Cartographer (Jansen and Stam 1994; Zeng 1994) with different model thresholds, depending on the population and the experimental design. The QTL analyses of the ETH-population were performed with a linkage map with 118 SSR markers (Fracheboud et al. 2004 ). The QTLs were identified using model 6 of QTL Cartographer, with a blocking window size of 30 cM. The cofactors were selected by forward and backward regressions with the 'in' and 'out' thresholds at a pvalue of 0.01. The presence of a QTL was considered to be significant when the likelihood of odds (LOD) value was higher than 3.5. This value corresponds to an experiment wise type I error rate (a¢) of 0.021 for a single trait analysis in an F 2 population with three degrees of freedom (df), assuming that all the chromosome arms segregate independently.
The QTL analyses of the Lo-population were performed with a linkage map with 135 markers (Tuberosa et al. 2002) . The co-factors were selected as described by Hund et al. (2004) . A QTL was declared significant when a critical LOD threshold of 3.5 was exceeded. For a joint analysis of an F 2 population in two environments (i.e. growth chambers) this threshold is equivalent to a¢ of 0.11. A joint analysis of the phenotypic data of the two growth chamber runs enabled the evaluation of the QTL-by-environment (Q · E) interaction (Jiang and Zeng 1995) . The factor 'environment' accounts for the variability in time and space. A LOD threshold of 1.3 for a significant Q · E interaction was based on the type-I error rate of 0.05 for a single locus for an F 2 with two df. Multiple regressions were used to evaluate the actual additive effects of the QTL and the total percentage of phenotypic variation accounted for by the identified QTL. Considering that the phenotypic evaluation was made on the F 2:4 , only the additive effects of the QTLs are reported.
Results
For the experimental inbred lines, the analysis of variance revealed significant differences between temperature treatments, genotypes and their interaction (p < 0.001) for all evaluated traits. A separate analysis of the optimal and suboptimal temperature treatments showed highly significant differences among the genotypes (p < 0.001) for all traits at both temperatures (data not shown). At suboptimal temperature significant differences were detected between the group of genotypes selected for high U PSII (H) and the group selected for low U PSII (L) for all the measured traits (Table 1) . At optimal temperature, the only significant difference between the two groups was in the SPAD values.
At suboptimal temperature, there were modest to very strong correlations among the measured traits ( Table 2 ). The SLA correlated negatively with all the other traits; the strongest correlation was with SPAD values. At suboptimal temperature, a very strong correlation was found between CER and U PSII . At optimal temperatures, there were no significant correlations among the traits, with the exception of a strong correlation between CER and U PSII . The significant correlations between values of SLA and SPAD and of SLA and U PSII for inbred lines selected for high and low U PSII at low temperature are given in Figure 1 . The two groups of inbred lines are displayed with different symbols in order to underline that for these materials, the high correlation is not only due to differences among groups, but also within groups.
With respect to the ETH-population, the growing temperature had a significant effect on all traits. The values of SLA, SPAD, U PSII , CER, and shoot dry weight at 25°C where 52.5 m 2 kg À1 , 37.2, 0.52, 15.0lmol m À2 s À1 , and 218 mg and where significantly reduced at low temperature by 13.5, 45.2, 74.6, 81.7, and, 25.2% respectively. The variation among F 2:3 families was significant at both temperatures. The correlations between SPAD values or U PSII with SLA at low temperatures were not as close as expected from the results obtained from the S5 inbred lines. The phenotypic correlation coefficients between SLA and the other above traits ranged from À0.23 (CER) to À0.38 (shoot dry weight) for plants grown at 15°C and from À0.15 (shoot dry weight) to À 0.28 (SPAD) for plants grown at 25°C (data not shown). The QTL analysis of the ETH-population grown at 25°C revealed two significant QTLs for SLA, whereas at 15°C a total of four QTLs for SLA were detected (Table 3). There were no common QTLs for the 15°C-treatment and the 25°C-treatment. In a comparison with previous results (Fracheboud et al. 2004 ) loci for SLA were co-located with loci for photosynthesis-related traits (Figure 2 ), including two major loci on chromosomes 2 and 6 as well as a locus on chromosome 1. At the locus on chromosome 6, SLA was co-located with CER, U PSII and shoot dry weight; at the locus on chromosome 2, SLA was co-located with CER and leaf greenness (SPAD) and at the locus on chromosome 1, SLA was co-located with U PSII . At all three loci the additive effects of SLA were negative, indicating that the alleles increasing the trait values were contributed by the parent selected for low photosynthetic efficiency (i.e. ETH-DL3), while the signs of the additive effects for the photosynthesis-related traits were positive, indicating that the alleles that increased the trait values were contributed by the parent selected for high photosynthetic efficiency (i.e. ETH-DH7). At optimal growth temperature, no common QTLs for SLA or photosynthetic-related traits or shoot dry weight were detected (Figure 2) . A second QTL population, namely the Lopopulation, whose parental inbred lines were not selected for photosynthetic traits in the cold, was used to test the association between U PSII , SPAD, and SLA in an independent set of genotypes. According to the analysis of variance the two growth chamber runs were significantly different for all three traits (data not shown). The parents differed significantly (p = 0.001) in U PSII and SPAD. All frequencies were more or less normally distributed, but the direction of the asymmetric tail (skewness) depended on the growth chamber run. The skewness of the distribution of U PSII and SPAD was negative in replication 1 (À0.52 and À0.53, respectively) and positive in replication 2 (0.57 and 0.10, respectively).
For the F 2:4 families of the Lo-population there was a significant genotype-by-environment (growth chambers) interaction for U PSII and SPAD but not for SLA. The correlations between U PSII , SPAD, and SLA were closer in the second growth chamber run, in which the variability of all trait values was higher (Figure 3) . The QTL analysis revealed three QTLs for SLA, which were located on chromosomes 1, 5, and 10 (Table 4 ). In Correlations at 15/13°C (day/night) (above the diagonal), and 25/22°C (below the diagonal). Significance of the regressions at p 0:05, p 0:01, and p 0:001 is indicated by *, **, and ***, respectively. The scatter plots corresponding to the correlation coefficients (bold) are shown in Figure 1 . replication 1, the locus on chromosome 10 explained the highest portion of variability for SLA, while in replication 2 this was the case for the loci on chromosomes 1 and 5. By comparing with previous results (Hund et al. 2004) , for all the SLA QTLs, a co-location with QTLs for leaf greenness was observed (Figure 4 ). Moreover, a QTL for U PSII (chromosome 1) and QTLs for U PSII and shoot dry weight (chromosome 10) were located at the same positions as the QTLs for SLA. The additivity of the QTLs for SLA always had the opposite sign to those for the other traits. There was no overlap of the QTLs for SLA between the Lo and the ETH populations.
Discussion
Improving photosynthesis at low temperature is one of the most relevant breeding goals for the adaptation of maize to low temperature during early growth in a temperate climate. In the present work, we used inbred lines, which were exclusively selected for high or low U PSII at low temperature ) to study the co-selection of other traits. Divergent selection was successful and led to an increase in the CER, of up to 31%, in hybrids derived from inbred lines selected upwards (Fracheboud 1999) . In contrast to studies with unrelated, contrasting genotypes, the material used Temp, growth temperature; Chr, chromosome number; cM, position of the peak of the QTL in centimorgan; R 2 , phenotypic variance explained by genotype class at LOD peak; Add, additivity; Dom, dominance. a Additive and dominant effects represent the substitution of an ETH-DL3 allele with an ETH-DH7 allele.
has the advantage that the association between traits is not biased by selection pressure on traits other than U PSII . Grown at suboptimal temperature, the group of lines selected for high U PSII differed significantly from the group selected for low U PSII for all the traits. This supports the hypothesis that pleiotropic effects are the cause of the close phenotypic correlations among these traits at suboptimal temperature. At optimal temperature, significant effects between the two groups were found only for leaf greenness. Thus, the selection did not constitutively change the leaf Figure 4 . QTLs for SLA, leaf greenness (SPAD), shoot dry weight (DW), and operating quantum efficiency of PSII (U PSII ) above an LOD threshold of 3.5 in the Lo-population. Bars to the left of the chromosome represent QTLs with negative additivity, bars right of the chromosome with positive additivity. Only chromosomes with QTLs for SLA are shown. The QTLs for U PSII , SPAD, and shoot dry weight were taken from Hund et al. (2004) . Chr, chromosome number; cM, position of the peak of the QTL in centimorgan; Joint, joint analysis of the two experiments; Q · E, QTL-by-environment interaction; Repl., replication; R 2 , phenotypic variance explained by genotype class at LOD peak; Add, additivity. a Additive effects represent the substitution of a Lo964 allele with a Lo1016 allele. physiology and morphology. This is important since an unfavorable linkage between temperaturestable high U PSII and low SLA might lead to a decrease in productivity at optimal temperature Poorter and Van der Werf 1998) . The association between photosynthetic performance and SLA was observed in a previous study in maize (Verheul et al. 1996) . However, unrelated genotypes had been used, which were pre-selected for high and low vigor, as defined by a large leaf area and high greenness. Thus, the relationship between the traits may have been due to a co-selection of independent loci or to random genetic drift.
Despite the low correlation between SLA and photosynthesis-related traits in the ETH-population, the QTL analysis of plants grown at suboptimal temperature yielded three of four QTLs where SLA was co-located with photosynthesisrelated traits. The opposite sign of the additive effects matches with the phenotypic observations. In contrast, the QTLs for SLA from seedlings developed at optimal temperature were not associated with QTLs for SLA at suboptimal temperature as well as with QTLs for other measured traits. Furthermore, a high SLA at optimal temperature had no positive effect on dry matter accumulation but was negatively correlated with the shoot dry weight at suboptimal temperature. This shows clearly that SLA was under different genetic control at suboptimal and at optimal temperature. The characteristics of leaves developed at suboptimal temperature compared to leaves grown at optimal temperature with respect to SLA, leaf greenness, and photosynthetic performance are very similar to the characteristics of leaves grown at low and high light intensity (see for example Evans and Poorter 2001) . However, while in plants acclimated to low or to high light intensity the SLA was positively correlated with the assimilation rate per leaf weight (calculated from the data provided by Evans and Poorter 2001) , this was the case only when the ETH-population was grown at optimal but not at suboptimal temperature (data not shown). Therefore, it seems unlikely that the increase in the SLA of the chilling sensitive genotypes at suboptimal temperature is an optimization reaction. Rather, it seems that a high SLA at suboptimal temperature is the consequence of a reduced availability of assimilates.
The close (negative) relationship between SLA on the one hand and photosynthesis-related traits and shoot dry matter accumulation on the other was verified in the Lo-population grown at suboptimal temperature. The two different growth chamber runs were designed as replications in time. However, there was a significant difference between the two replications, which cannot be attributed to one distinct factor. The small difference of 50lmol m À2 s À1 PPFD and of about 0.5°C between the two growth chamber runs seem to cause the weaker performance of the plants in the second replication. However, the opposite skewness of the frequency distributions of the SPAD values and U PSII in the two replications shows that the environmental conditions were in a range where the genotypes differed most. The significant genotype-by-environment interaction for U PSII and SPAD was reflected by the significant QTL-by-environment interaction for many of the loci (see Hund et al. 2004 ). This indicates that, at the critical temperature threshold of 15°C, small changes in the environmental conditions resulted not only in a shift in photosynthetic performance, but also in a shift in the set of genes responsible for its regulation. Despite these interactions, the association between U PSII , leaf greenness, and SLA was detected at the phenotypic as well as at the genetic level in both growth chamber runs.
By searching the maize genetics and genomics database, interesting candidate genes were identified for the major QTLs. For the ETH-population, ssu2 (coding for Rubisco small subunit 2) and agp2 (coding for ADP glucose pyrophosphorylase small subunit) were found to be promising candidate genes for the QTLs on chromosomes 2 and 6, respectively (Fracheboud et al. 2004) . The major QTL of the Lo-population, which was localized at chromosome 1, is close to the gene cat2 when the Lo964 · Lo1016 map is aligned with the BNL2002 map (Maize Genetics and Genomics Database). The cat2 encodes catalase 2, which is expressed in photosynthetic tissue of maize (Scandalios et al. 1984) . Catalase, an antioxidative enzyme that detoxifies hydrogen peroxide, was shown to be involved in the induced acclimation of maize seedlings to chilling stress (Prasad 1997) . The significance of catalase for photosynthesis was demonstrated in antisense tobacco plants lacking catalase; antisense suppression of catalase resulted in a strong decrease in rbcS (Rubisco small subunit) expression and in a reduced photosynthetic capacity (Rizhsky et al. 2002) . It is clear that the detected QTLs span large chromosome regions with possibly thousands of genes. Therefore getting the underlying gene out of the database would be highly unlikely. However, all the detected candidate genes (ssu2, agp2, and cat2) are indirectly associated with the functioning of the photosynthetic apparatus through CO 2 fixation, storage, and oxidative stress response, respectively. This matches observations of transgenic tobacco with reduced Rubisco levels and, thus, weaker photosynthesis and a higher SLA (Quick 1998; Stitt and Schulze 1994) .
In conclusion, we can state that the finding of a relationship among U PSII , leaf greenness, and SLA at suboptimal temperature in two independent populations strongly supports pleiotropy more than linkage disequilibrium as the genetic basis of the relationship among traits. However, the question remains as to whether this increase in SLA, observed at low temperature with the photosynthesis decline, is due to a shortage of assimilates and the formation of leaf structure or to a compensation reaction. Our results did not provide evidence that selection for good photosynthetic performance at low temperature leads to a coselection of a constitutive low SLA, which is not a desirable attribute because it can cause a low productivity. We therefore, consider U PSII to be a valuable trait for selecting genotypes with improved cold tolerance, especially since the trait measurements are reasonably fast, as required for plant breeding applications. However, the actual merit of a selection for U PSII and its effects on SLA must be confirmed by testing plants under field conditions.
